The occurrence in Azospirillum brasilense of genes that code for exopolysaccharide (EPS) synthesis was investigated through complementation studies of Rhizobium meliloti Exo-mutants. These mutants are deficient in the synthesis of the major acidic EPS of Rhizobium species and form empty, non-nitrogen-fixing root nodules on alfalfa (J. A. Leigh, E. R. Signer, and G. C. Walker, Proc. Natl. Acad. Sci. USA 82: [6231][6232][6233][6234][6235] 1985). We demonstrated that the exoC mutation of R. meliloti could be corrected for EPS production by several cosmid clones of a clone bank ofA. brasilense ATCC 29145. However, the EPS produced differed in structure from the wild-type R. meliloti EPS, and the symbiotic deficiency of the exoC mutation was not reversed by any of these cosmid clones. The exoB mutation could be corrected not only for EPS production but also for the ability to form nitrogen-fixing nodules on alfalfa by one particular cosmid clone of A. brasilense. TnS insertions in the cloned DNA were isolated and used to construct Azospirillum mutants with mutations in the corresponding loci by marker exchange. It was found that these mutants failed to produce the wild-type high-molecular-weight EPS, but instead produced EPSs of lower molecular weight.
Rhizobium spp. form nitrogen-fixing root nodules on specific host plants. For Rhizobium meliloti, which nodulates alfalfa (Medicago sativa), significant progress has been made in the identification of bacterial genes required for symbiosis (1, 7, 11, 12, 15) . Some of these genes are also present in Agrobacterium tumefaciens, even though Rhizobium and Agrobacterium species differ in the types of association they form with plants. Two examples of this have recently been discovered. First, Agrobacterium tumefaciens chv genes, which are required for attachment to plant cells and tumor formation (5, 6) , can correct mutations in R. meliloti ndv genes, which are essential for effective nodulation of alfalfa (7) . Second, genes equivalent to the R. meliloti exo genes described by Leigh et al. (11) exist in Agrobacterium tumefaciens as well (2) : R. meliloti Exo-mutants are deficient in the synthesis of succinoglycan, the major acidic exopolysaccharide (EPS) of Rhizobium spp., and form empty, nonfixing nodules on alfalfa (11) . Some but not all of the exo genes are interchangeable in heterologous complementation experiments (2) . Except for the exoC mutant, all exo mutants of Agrobacterium tumefaciens (exoA, exoB, exoD, exoF, and exoG mutants) are fully virulent despite their deficiency in succinoglycan production.
Biological N2 fixation occurs in the free-living state in some bacteria. Recently, considerable attention has been given to bacteria of the genus Azospirillum because they are diazotrophs and form rhizocoenoses with grasses and cereals (for reviews, see references 8 and 14) . Thus far the process of diazotrophic rhizocoenosis is poorly understood, and no bacterial genes required for this association have yet been identified. Interestingly, R. meliloti nod and Agrobacterium tumefaciens chv hybridize to specific DNA sequences from Azospirillum species (9, 18) . We have demonstrated the synthesis of EPS by Azospirillum species (K. Michiels et al., Plant Soil, in press), and we are investigating the occurrence of EPS-specifying (exo) loci in Azospirillum species. In this paper, we present evidence that DNA cloned * Corresponding author.
from Azospirillum brasilense can suppress the nonmucoid phenotype of the exoB and exoC mutants of R. meliloti and the nonsymbiotic phenotype of the exoB mutant of R. meliloti. As part of this work, we have constructed and analyzed A. brasilense strains carrying Tn5 insertions in the corresponding loci.
R. meliloti exo mutants appear under UV light as nonfluorescent colonies on Calcofluor-containing medium because they are deficient in EPS synthesis (11) . Calcofluor is a stilbene dye that binds to P-1,4-and ,-1,3-linked glycans (19) . We transferred a library of A. brasilense ATCC 29145 DNA, cloned into the EcoRI site of the cosmid pLAFR1 (10), en masse from Escherichia coli HB101 into Tn5-induced R. meliloti exo mutants Rm7032 (exoA), Rm7094 (exoB), Rm7027 (exoC), and Rm7055 (exoF) (11) , by triparental mating, with pRK600 as a helper (3). Exconjugants were selected on LB agar containing 2.5 mM MgSO4, 2.5 mM CaC12, neomycin (200 jig/ml), tetracycline (10 ,ug/ml), and Calcofluor (200 jig/ml; Sigma Chemical Co., St. Louis, Mo.) and screened for suppression of the Calcofluor-dark phenotype. In this way we obtained bright blue-green fluorescing colonies of the R. meliloti mutant strains Rm7094 (exoB) and Rm7027 (exoC). From eight purified clones of each class, recombinant cosmids were isolated (13), transformed into E. coli HB101, and then mated back into the corresponding R. meliloti exo mutants. All exconjugants showed a bright blue-green fluorescence under UV light on Calcofluor-containing medium.
The eight selected recombinant cosmids of each class were characterized physically by EcoRI restriction analysis (Fig. 1) . The cosmid clones that corrected the exoB mutation all showed an identical EcoRI restriction pattern; those that corrected the exoC mutation had at least two restriction fragments in common. pCallO2, a representative of the exoB-correcting class, was introduced into R. meliloti exoA, Agarose gel electrophoresis of EcoRI-digested Azospirillum cosmid clones correcting R. meliloti exoB and exoC mutations for EPS synthesis. Lanes: a, pLAFRl linearized with EcoRI; b through d, pCallO2, pCallO3, and pCallO4, respectively, each correcting the exoB mutation; e, HindIII-digested lambda DNA; f through i, pCallll, pCalll2, pCalll3, and pCalll4 respectively, each correcting the exoC mutation. Molecular sizes of common EcoRI restriction fragments are given in kilobases.
resulted in fluorescent exconjugants, indicating that pCall02 and pCal1l2 represent two distinct complementation groups.
EPS synthesis of two exconjugants, Rm7094(pCall02) and Rm7027(pCalll2), was tested. Cells of overnight cultures were washed and incubated for another 24 h in nitrogen-free M9 medium (13) in which glucose was replaced by fructose. These culture supernatants were dialyzed extensively against water and tested for the presence of EPS by precipitation with cetrimide (11) . The hexose content of the dialyzed supernatants was determined by the anthrone method (4). With these tests, no EPS could be detected in supernatants from Rm7094 and Rm7027. However, the amounts of cetrimide precipitate and the hexose content of supernatants from both complemented mutants and wild-type Rm1021 were indistinguishable.
Next, symbiotic effectiveness of the exconjugants on alfalfa was assayed. Four-day-old seedlings of M. sativa, grown under sterile conditions on slants of Jensen agar (17), were inoculated with i04 bacteria. Each exconjugant was tested in fivefold replications. After 4 weeks, acetylene reduction of intact plants was measured (Table 1 ). Inocu- Azospirillum mutants carrying mutations in the loci that corrected R. meliloti exoB and exoC mutations were constructed in two subsequent steps. First, pCailO2 and pCalll2 were mutagenized with TnS by passage through E. coli S17-1 chrX::Tn5 (obtained from P. Mazodier). Of 188 tested TnScarrying derivatives of pCalll2, 4 failed to restore fluorescence to R. meliloti exoC, and it was shown that these had TnS inserted in the same 2.5-kilobase (kb) EcoRI fragment of pCalll2. One of these derivatives, pCalll2-57, was chosen to construct the corresponding Azospirillum mutant. pCalll2-57, like pCalll2, was unable to restore symbiotic proficiency to R. meliloti exoC (Table 1) . We found that 13 of 780 tested TnS-carrying pCallO2 derivatives failed to restore either fluorescence or symbiotic proficiency to R. meliloti exoB. One of these,' pCallO2-217, was subsequently used to construct the corresponding Azospirillum mutant (Table 1) . For 12 of these derivatives, including pCall02-217, the TnS insertions were all located within the same region of the 18-kb EcoRI fragment of pCall02 (data not shown). The locations of TnS in EcoRI digests of pCall02-217 and pCalll2-57 are shown in Fig. 2 .
Second, each of these TnS-containing EcoRI fragments was subcloned in pSUP202 (16) and crossed into A. brasilense Sp7, and Kmr Tcs A. brasilense exconjugants were isolated and tested. Southern blots of EcoRI-digested total DNA of 10 independent clones of each class were hybridized with 32P-labeled DNA probes containing the TnS inserts (Fig. 3) (Fig. 4) 
